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ABSTRACT
Dust extinction and stellar confusion by the Milky Way reduce the efficiency of detecting
galaxies at low Galactic latitudes, creating the so-called Zone of Avoidance. This stands as
a stumbling block in charting the distribution of galaxies and cosmic flow fields, and there-
with our understanding of the local dynamics in the Universe (CMB dipole, convergence
radius of bulk flows). For instance, ZoA galaxies are generally excluded from the whole-sky
Tully-Fisher Surveys (|b| 6 5◦) even if catalogued. We show here that by fine-tuning the
near-infrared TF relation, there is no reason not to extend peculiar velocity surveys deeper
into the ZoA. Accurate axial ratios (b/a) are crucial to both the TF sample selection and the
resulting TF distances. We simulate the effect of dust extinction on the geometrical proper-
ties of galaxies. As expected, galaxies appear rounder with increasing obscuration level, even
affecting existing TF samples. We derive correction models and demonstrate that we can reli-
ably reproduce the intrinsic axial ratio from the observed value up to extinction level of about
AJ ≃ 3 mag (AV ∼ 11 mag), we also recover a fair fraction of galaxies that otherwise would
fall out of an uncorrected inclination limited galaxy sample. We present a re-calibration of
the 2MTF relation in the NIR J , H , and Ks-bands for isophotal rather than total magnitudes,
using their same calibration sample. Both TF relations exhibit similar scatter at high Galactic
latitudes. However, the isophotal TF relation results in a significant improvement in the scat-
ter for galaxies in the ZoA, and low surface brightness galaxies in general, because isophotal
apertures are more robust in the face of significant stellar confusion.
Key words: galaxies: distances and peculiar velocities – zone of avoidance: dust extinction
and stellar confusion – tully-fisher – isophotal magnitudes – axial ratio
1 INTRODUCTION
The difference between the observed velocity of a galaxy and the
smooth Hubble flow is known as peculiar velocity. Because this pe-
culiar velocity arises as a result of gravity, it can be used as a tracer
of the matter distribution, both luminous and dark. Of key impor-
tance is the motion of the Local Group (LG) relative to the Cos-
mic Microwave Background (CMB) (Conklin 1969; Henry 1971).
This motion is caused by the gravitational influence of density in-
homogeneities in the volume surrounding the LG. Determination of
the direction of this peculiar motion requires a census of galaxies
across the whole sky.
Dust extinction and stellar confusion by the Milky Way cre-
ate the so-called Zone of Avoidance (ZoA). Due to the lack of data
in the ZoA, current redshift and peculiar velocity whole-sky sur-
veys exclude the ZoA from their analysis (e.g. Huchra et al. 2012;
Masters et al. 2008). Many attempts have been made to artificially
fill or recreate the ZoA to measure the so-called “clustering dipole”
(Bilicki et al. 2011). For example Erdogˇdu et al. (2006a,b) recon-
structed the local Universe using two different methods to repop-
ulate the ZoA, but one of the main components of uncertainty in
⋆ E-mail: khaled@ast.uct.ac.za
the resulting dipole remains the incomplete mapping of the ZoA
(Loeb & Narayan 2008). Past surveys in the ZoA revealed large-
scale structures like the Great Attractor (GA) (Lynden-Bell et al.
1988; Woudt et al. 1999), Perseus-Pisces (PP) (Einasto et al. 1980;
Giovanelli & Haynes 1982; Focardi et al. 1984; Hauschildt 1987),
the Local Void (LV) (Tully & Fisher 1987; Kraan-Korteweg et al.
2008), the Ophiuchus Cluster (Wakamatsu & Malkan 1981;
Wakamatsu et al. 2000, 2005; Ebeling et al. 2002) and very recent
discovery of a hidden massive supercluster in Vela/Puppis (Kraan-
Korteweg et al. in prep.). A genuine whole-sky peculiar velocity
survey will significantly improve our knowledge of the dynamics
of the LG, cosmic flow fields, and the observed dipole in the CMB.
One of the largest TF surveys available to date is the I-band
(SFI++) survey (Springob et al. 2007), which uses both cluster and
field galaxies. Because of its selection in the I-band, it is heav-
ily affected by dust extinction and incomplete across the Galac-
tic plane (|b| < 15◦). The Two Micron All-Sky Survey (2MASS;
Skrutskie et al. 2006) Tully-Fisher Survey (2MTF; Masters et al.
2008; Hong et al. 2013; Masters et al. 2014; Hong et al. 2014) pro-
vides a complete Tully-Fisher analysis (i.e. distance and peculiar
velocity) of all bright inclined spirals in the 2MASS Redshift Sur-
vey (2MRS; Huchra et al. 2012). The use of 2MASS near infrared
(NIR) J , H , and Ks bands minimizes the ZoA as the effects of
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foreground extinction are reduced compared to the optical bands;
nevertheless a not insignificant part of the sky remains unsampled
by 2MTF (|b| < 5◦ and |b| < 15◦ for |l| < 30◦) because the se-
lection of 2MTF is based on 2MRS which contains only galaxies
within |b| > 5◦, and |b| > 8◦ toward the Galactic bulge.
Systematic HI surveys in the southern ZoA (Henning et al.
2000; Kraan-Korteweg et al. 2002, 2005; Kraan-Korteweg 2005;
Kraan-Korteweg et al. 2008) have opened an elegant way to fill
in this region because these kind of surveys do not suffer from
foreground extinction or source confusion that plague optical/NIR
imaging. In the near future, surveys like the Widefield ASKAP
L-band Legacy All-sky Blind surveY (WALLABY)1 and its sister
in the northern hemisphere the Westerbork Northern Sky HI
Survey (WNSHS)2 will provide an HI survey of the whole sky
(Duffy et al. 2012) and this will dramatically improve the situation.
In combination with the ongoing deep and well resolved NIR
surveys UKIDSS and VISTA, NIR TF analysis will be applied.
The method presented here will allow the use of these forthcoming
data to extend the flow fields studies into the ZoA.
Since the discovery of the correlation between rotational ve-
locity and absolute magnitude of spiral galaxies (Tully & Fisher
1977), it has been widely used in cosmography and peculiar ve-
locity surveys (e.g., Han 1992b; Mould et al. 1993; da Costa et al.
1996; Theureau et al. 2007; Courtois & Tully 2012; Courtois et al.
2013; Tully et al. 2014). Rotational velocities of spiral galaxies
(distance-independent) can be measured using the HI line-width
or the optical rotation curve (ORCs) and the absolute magnitudes
(distance-dependent) derived from photometry.
In order to have a reliable TF survey, the first step is to con-
struct a global-unbiased TF template relation. As a secondary dis-
tance indicator, the TF template relation should be obtained from
a sample of galaxies with known distances. This TF relation can
then be used as the calibrated relation between the absolute mag-
nitude and rotational velocity. Raw data and corrections used in
the measurement of TF distances and peculiar velocities should be
consistent with that used in the derivation of the TF relation.
In the last few decades, many TF template relations have been
derived using either different samples or methodology. Shortly af-
ter the inception of the TF relation, Aaronson et al. (1979) cali-
brated the TF relation in the NIR H (1.6µm) for spiral galax-
ies in clusters. The NIR suffers less from dust extinction and is
more sensitive to stellar mass. They found that in the infrared the
scatter is lower than that in the B-band and the slope is much
steeper. Based on Cepheid distances to 21 galaxies, Sakai et al.
(2000) derived the TF relation in the B, V , R, I , and H-
bands. These relations were used to derive a value of H0. At
the same time, Tully & Pierce (2000), Rothberg et al. (2000) per-
formed a calibration of the B, R, I , and K relations. To avoid the
Malmquist bias, they used the inverse method to fit the TF relation
(Kraan-Korteweg, Cameron & Tammann 1988).
Bouché & Schneider (2000) used 2MASS J , H , and Ks-
bands to derive TF relations in the ZoA. They used five different
types of magnitudes from 2MASX (Jarrett et al. 2000). They con-
clude that the scatter was lowest for the isophotal Ks-fiducial 20
mag/arcsec2 TF relation. Macri (2001) derived R, I , H , and Ks-
band TF relations based on Cepheid distances. He used both total
and isophotal magnitudes with the 20% HI-line-width (the width
1 http://www.atnf.csiro.au/research/WALLABY/proposal.html
2 http://www.astron.nl/ jozsa/wnshs/
measured at 20% of the peak flux). His results indicate that isopho-
tal H , Ks magnitudes and total I magnitudes relations yield com-
parable distances. These relations have a scatter of ∼ 0.m2. These
two previous studies prove that isophotal magnitude works equally
well in and out of the ZoA.
Masters et al. (2006) followed the same procedure described
by Giovanelli et al. (1997) but with a larger sample to derive a
new I-band TF relation. Their sample consists of 807 galaxies in
the vicinity of 31 clusters and groups. This template relation has
been used by Springob et al. (2007) to derive peculiar velocities of
galaxies in the SFI++ catalog, which contains 4861 field and cluster
spiral galaxies. Later, Masters et al. (2008) used similar procedures
with a slightly larger sample to derive the absolute calibration of
the J , H , and Ks-bands relations. These relations are the first step
towards the 2MTF.
Recently, two independent groups have extended the TF to
mid-infrared wavelengths. Sorce et al. (2013) use Spitzer (3.6µm)
photometry for 213 cluster galaxies to derive the TF relation.
Lagattuta et al. (2013) use the mid-infrared (3.4µm) W 1-band of
the Wide-field Infrared Survey Explorer (WISE) satellite with
a larger sample of 568 field and cluster galaxies drawn from the
2MTF catalog to derive the TF relation. While Sorce et al. (2013)
adopted the inverse fitting scheme, Lagattuta et al. (2013) used
a bivariate scheme, where errors in both x and y are taken into
consideration. More recently, Neill et al. (2014) use a quadratic
form, by adding a curvature term, to fit WISE W1 and W2 TF
relations.
In this paper we present a variation on the NIR TF relation that
is specifically designed to be deployed in the ZoA and is applicable
to the rest of the sky. We discuss all biases affecting TF surveys in
the ZoA in Section 2. In Section 3 we present a re-calibration of
the TF relations in the NIR J , H , and Ks bands using isophotal
magnitudes. In the concluding Section 4 we summarize our results
and discuss their implications for TF surveys.
2 BIASES IN THE NIR TF DUE TO EXTINCTION
2.1 Total magnitude
Undoubtedly, total magnitudes give the best estimate of a galaxy’s
total luminosity, and hence, total stellar mass of the galaxy. How-
ever, it is difficult to determine reliable total magnitudes for (a) low
surface brightness galaxies for which these values can be severely
underestimated (Jarrett et al. 2003), or (b) galaxies close to or in the
ZoA. Due to the foreground dust extinction and high stellar density
in the ZoA, the fainter outer parts of a galaxy are usually not recov-
ered in the extrapolation of the surface brightness profiles to yield
total magnitudes (Riad, Kraan-Korteweg & Woudt 2010). This is
particularly severe in the relatively shallow 2MASS as discussed in
details by Andreon (2002) and Kirby et al. (2008). Therefore, the
advantage of using isophotal magnitudes over total is twofold.
To quantitatively determine the loss in total magnitudes for
ZoA galaxies in 2MASX, we compare the magnitudes of the shal-
low 2MASX survey with a deeper and more spatially resolved ZoA
survey. This is based on a deep NIR imaging conducted with the
Japanese InfraRed Survey Facility (IRSF) mounted on a 1.4 m
telescope situated at the South African Astronomical Observatory
(SAAO) site in Sutherland, South Africa. Our comparison sam-
ple consists of 66 galaxies, observed in both 2MASX (Jarrett et al.
2000) and the IRSF Catalog (Williams et al. 2011; Williams et al.
c© 2014 RAS, MNRAS 000, 1–12
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Table 1. Comparison between 2MASX and IRSF magnitudes using the total
extrapolated magnitudes and fiducial isophotal magnitudes measured in an
elliptical aperture defined at the Ks = 20 mag arcsec−2
Band Total Isophotal
∆m σ ∆m σ
J 0.228 0.363 −0.020 0.155
H 0.252 0.293 −0.039 0.139
Ks 0.263 0.308 −0.033 0.159
2014; Said et al. in prep.). The latter is approximately 2 magnitudes
deeper in the Ks-band, because of its longer exposure time (10
min) compared to 2MASX (8 seconds) and the higher resolution
of 0.′′45/pix compared to the 2MASX resolution of 2′′/pix. We use
the “total” extrapolated magnitudes and fiducial “isophotal” magni-
tudes measured in an elliptical aperture defined at theKs = 20 mag
arcsec−2 to construct a comparison between 2MASX and IRSF.
The metric used to calculate the offset between 2MASX and ZoA-
IRSF magnitudes is
∆m = m(2MASS)−m(IRSF). (1)
Figure 1 shows the offsets between the 2MASS and IRSF for
both total (left panel) and isophotal (right panel) magnitudes in the
J , H , and Ks-bands (top to bottom). Each dot presents galaxy
color coded by dust extinction. It clearly shows that the mean off-
sets (red line) between 2MASX and IRSF for the “isophotal” mag-
nitudes are insignificant while, the offsets are significant for the to-
tal magnitude, where the 2MASS estimates are systematically too
faint compared to the deeper IRSF. High offsets will produce sys-
tematic errors in the measurement of peculiar velocities. The mean
offsets for each band is printed in the bottom left corner of each
plot. The mean offsets in total magnitudes for J , H , and Ks bands
are 0.23, 0.25, and 0.26 mag respectively. These offsets are large
enough to create an artificial flow of about 200 - 600 km s−1 in the
velocity range of 2000 - 6000 km s−1 if the galaxies are located in
a similar patch on the sky. The scatter in the offsets of the “isopho-
tal” magnitudes is far smaller than that in the “total” magnitudes;
it is reduced by more than a factor of two. Table 1 summarizes the
mean offsets and the scatter values for each band.
This positive offset in total magnitude is due to the improved
sensitivity and higher resolution (0.′′45/pix) of the IRSF/SIRIUS
data, which allows measurement of the surface brightness profile
further along the disk compared to 2MASS thus capture more of the
host galaxy light. Although minimal, there is a small offset between
the 2MASX isophotal magnitudes compared to the IRSF. They are
about 0.02 - 0.03 mag brighter rather than fainter. This can be ex-
plained by the lower resolution of 2MASS (2′′/pix), which does
not always resolve stars superimposed on the galaxy resulting in a
systematic brightening of the source.
Because of these two effects, the loss of low surface brightness
flux in 2MASX total magnitudes and extinction which exacerbates
this effect, it seems prudent to use isophotal magnitudes, despite
the fact that total magnitudes are better tracers than isophotal
magnitudes. To test for any systematic bias, we compare the
difference in total and isophotal flux. Figure 2 presents the aperture
correction, J20 − Jext, of the same 66 galaxies used in Fig. 1. Fig-
ure 2 shows that 2MASS isophotal magnitude J20 underestimates
the total flux by < J20−Jext > = 0.21 mag; in contrast, Fig. 1, left
panel, shows that 2MASS total magnitude underestimates the total
flux of 64% of the sample by < Jext(2MASS) − Jext(IRSF) >
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Figure 1. Comparison of 2MASX photometry with the ∼2 mag deeper and
more resolved IRSF photometry of ZoA galaxies. Each dot presents galaxy
color coded by dust extinction. The left panels display the total magnitudes
and the right panels display the isophotal magnitudes with J , H , and Ks-
band arranged from top to bottom. In all panels, solid red lines mark the
mean offset, and the dashed black lines represent the zero-line. The mean
offset is given in the bottom left corner of each plot.
= 0.47 mag and overestimates 36% by 0.19 mag. Thus, any bias
introduced by using isophotal magnitude is much smaller than the
offsets introduced by using total magnitude in the ZoA.
To summarize, when working with 2MASS data for low sur-
face brightness galaxies or galaxies affected by dust, “isophotal”
magnitudes should preferentially be used over “total” magnitudes
and most certainly for any TF derived distances. For this reason we
derive in Section 3, a calibration of the NIR isophotal TF relation.
The method and galaxy sample are exactly the same as these used
by Masters et al. (2008) to derive their NIR TF for total magnitude.
2.2 Inclination
Spiral galaxies consist of a disk plus a bulge. The disk is almost
flat and contains large amounts of dust and young stars, while the
bulge is rounder and tends to be dust-poor with older generations.
The effect of dust within the galaxy on the derived photometric pa-
rameters has been investigated by several authors (e.g., Han 1992a;
Giovanelli et al. 1994; Masters et al. 2003; Tuffs et al. 2004;
Driver et al. 2007; Masters et al. 2010; Pastrav et al. 2013a,b).
In this section we analyze another type of dust-induced change,
namely, the change in the shape of the spiral galaxies due to the
foreground dust in the Milky Way.
c© 2014 RAS, MNRAS 000, 1–12
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Figure 2. 2MASS aperture correction, J20−Jext, of 66 galaxies observed
both in 2MASX and IRSF. The mean apperature correction is 0.21 mag.
The effect of foreground dust extinction on the isophotal
radius and magnitude of galaxies (elliptical as well as spirals)
has been investigated for optical imaging by Cameron (1990) and
more recently and extensively in the NIR J , H , and Ks bands
by Riad et al. (2010). These studies were restricted to analyze the
effect of dust on the magnitude and large diameter but not the
minor axis, and therefore not the change in the apparent shape
(axial ratio) of a galaxy which can vary considerably depending on
bulge to disk ratio and intrinsic inclination.
Wherever dust obscuration occurs, such an effect should be
accounted for. The first reason is the dependence of the TF parame-
ters on inclination. The second reason is to avoid a systematic bias
in the sample selections which generally are constrained by incli-
nation uncorrected for absorption effects.
2.2.1 Inclination-dependent parameters in the TF relation
In the TF relation two parameters depend on the inclination of a spi-
ral galaxy. The first one is the HI spectrum. To derive the maximum
rotational velocity the observed line-width needs to be corrected to
edge-on orientation. According to Springob et al. (2007) this is:
W = [
w50 −∆s
1 + z
−∆t]
1
sin i
(2)
where ∆s and ∆t are the instrumental and turbulence corrections,
respectively. The inclination i is derived from the 2MASS J-band
ellipticity ǫJ = 1− (b/a)J via:
cos2 i =
(1− ǫ)2 − q20
1− q20
(3)
(e.g., Giovanelli et al. 1997) where q0 is the intrinsic axial ratio of
the galaxy (q0 = 0.13 for Sbc and Sc, and q0 = 0.2 for other
types). The second set of dependency is with the NIR magnitudes,
where we use the equation adopted by a number of authors (e.g.,
Giovanelli et al. 1994; Tully et al. 1998; Masters et al. 2003) to cor-
rect for the internal extinction. Inaccurate inclinations of spiral
galaxies will create a systematic bias in both corrected line-width
and absolute magnitude, and therefore in the derived peculiar ve-
locities.
2.2.2 Systematic selection effect
To minimize the corrections in the line-width, most TF surveys
apply a certain lower inclination limit on the axial ratio. The
2MTF project uses only galaxies with b/a < 0.5 (Masters et al.
2008; Hong et al. 2013; Masters et al. 2014), while in Said et al.
(2014) we extend that limit to include galaxies with b/a < 0.7.
Inaccurate inclinations will not only increase the uncertainty but
can be systematic in that galaxies that appear rounder or more
inclined will be excluded or included. This effect is dependent on
the dust column density along the line-of-sight to the galaxies and
as we show, is important for ZoA galaxies. It should therefore be
explored how the foreground dust changes the apparent axial ratio.
We quantify the effect of the foreground extinction on the number
of galaxies in the TF sample through a statistical analysis based
on simulated galaxies. The advantage of using artificial galaxies
is twofold: firstly it measures the effect on the same galaxy with
and without foreground dust; secondly we can test any correction
model by applying it to the obscured galaxies and compare their
axial ratio to their original intrinsic axial ratio.
The IRAF artdata tasks gallist and mkobject were used
in this simulation. We created a sample of over 2000 artificial
spiral galaxies with axial ratios b/a 6 0.5 to be our primary TF
sample. Four other samples have been generated with the same
properties except for the magnitude zero point equivalent to adding
a dust layer with increasing column density levels which we track
accordingly.
Figure 3 shows the distribution of axes ratios of galaxies with
different levels of dust extinction. Note the overall shift of the
histograms to the right. The analysis confirms and quantifies our
suspicion that galaxies appear rounder with increasing obscuration,
which will affect the linewidth and internal extinction correction.
Moreover, due to the axial ratio limit of the TF sample, the number
of galaxies with b/a 6 0.5 decreases significantly with increasing
obscuration level. At dust extinction AJ of 1, 2, and 3 mag, the
total number of galaxies in the TF sample decreases by 18%, 24%,
and 31% respectively.
Figure 3 clearly demonstrates how significant this effect can
decrease the number of galaxies used in the TF analysis, and
therefore bias the survey sample. Future TF surveys based on
HI surveys like WALLABY will exclude thousands of galaxies
due to the axial ratio limit if this effect is ignored, and this will
bias cosmic flow derivations as a function of foreground extinction.
To further study this effect, a sample of galaxies drawn from
the 2MASS Large Galaxy Atlas (LGA) (Jarrett et al. 2003) is used
to quantify this effect and test whether a correction model can be
applied.
2.2.3 Quantitative analysis
In this section we use a sample of 54 spiral galaxies extracted from
the 2MASS LGA. This sample of galaxies is selected to cover a
wide range in galaxy size, brightness, morphological types and ax-
ial ratios. The sample contains both barred and unbarred galaxies.
The galaxies have been artificially dimmed, similar to Cameron
(1990) and Riad et al. (2010) but for the full 2-dimensional imag-
ing data. We measured the surface brightness profile for both the
major and minor axis by using the axial ratio as a free parameter.
c© 2014 RAS, MNRAS 000, 1–12
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Figure 3. The axial ratio distribution of simulated galaxies at different lev-
els of dust extinction. The histograms shift to the right, i.e. galaxies become
less inclined, and the number of galaxies with b/a 6 0.5 decreases with
increasing obscuration level. At dust extinction AJ of 1, 2, and 3 mag, the
TF sample relative loss is 18%, 24%, and 31% respectively.
We now demonstrate the method for the case of NGC1515
(Sbc). It has an intrinsic axial ratio of b/a = 0.34 in the J-band. In
Fig. 4, the surface brightness is plotted against the major axis in the
top panel and the minor axis in the bottom panel. The projection
of the intercept between the solid line and the light profile on the
x-axis gives the intrinsic major axis a◦ (top panel) and minor axis
b◦ (bottom panel). We vary the simulation limits from AJ = 0.0
to AJ = 3.0 mag. The inward displacements represented by the
dotted lines in Fig. 4 show the simulated extinction levels AJ in
mag. For each level of extinction the major and minor axes have
been measured from the intercept of the dotted line and the light
profile. We then calculate the ratios of intrinsic versus absorbed
axes ratio as a function of extinction.
f(a) = a◦/a, (4a)
f(b) = b◦/b, (4b)
where a◦, a, b◦, and b are the intrinsic and absorbed major and
minor axes. The functions f(a) and f(b) are plotted for different
values of simulated extinctionAJ (top and middle panels) in Fig. 5.
The bottom panel shows the ratio of f(b)/f(a) against AJ , which
clearly demonstrates that the axial ratio (b/a) increases with dust
extinction (i.e. galaxies become increasingly rounder with increas-
ing extinction). Using the formalism of Cameron (1990)
f(R) = 10c(Aλ)
d (5)
where c and d are derived from the data points in Fig. 5.
The galaxy NGC1515, with an intrinsic axial ratio of b/a =
0.34 in the J-band would appear to have b/a = 0.48 if seen
through 1 mag of extinction, respectively b/a = 0.62 if seen
through 2 mag of extinction. Deep in the ZoA where the extinc-
tion level would be very high, this edge-on galaxy would have been
excluded from a typical TF survey analysis.
This procedure was followed for all 54 galaxies in our selected
LGA sample and the change in parameters were used to construct
an inclination correction model.
We will now investigate the correlations between the change in
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Figure 4. Surface brightness profile of NGC1515 (SAB(s)bc). The top
panel shows the light profile against the major axis a. The bottom panel
shows the light profile against the minor axis b. Note the different scales for
major (top) and minor (bottom) axis. The dotted lines show different levels
of dust extinction.
the axial ratio and the properties of the galaxies, such as, inclination
or Hubble type and construct a correction model for inclination.
The central surface brightness µc and the half-light effective mean
surface brightness µe are used as indicator of morphological type
(see Fig. 18 in Jarrett et al. 2003).
Following the recipe given by Riad et al. (2010) we include
the central surface brightness µc in the J , H , and Ks-bands to
optimize the correction model. The correction equations become
f(R,µc) = 10
c(µc)(Aλ)
d(µc)
, (6)
where
c(µc) = c0 exp(µc × c1), (7)
d(µc) = d0 exp(µc × d1). (8)
The values of c0, c1, d0, and d1 in the J , H , and Ks-bands are the
fitting parameters. The mean value for each parameter derived from
all galaxies is given in Table 2.
The same method was applied using the half-light effective
mean surface brightness µe. Table 3 give the mean value for each
parameter.
c© 2014 RAS, MNRAS 000, 1–12
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Table 2. The fitting parameters of the inclination correction based on the central surface brightness µc
J H Ks
Param. b/a 6 0.4 b/a > 0.4 b/a 6 0.4 b/a > 0.4 b/a 6 0.4 b/a > 0.4
c0 −0.0165 −0.0049 −0.0221 −0.0109 −0.0328 −0.0254
c1 0.1314 0.1624 0.1161 0.1239 0.1079 0.0762
d0 3.4042 5.0117 13.0965 0.9383 1.1714 1.2599
d1 −0.0510 −0.0742 −0.1387 0.0263 −0.0026 0.0125
Table 3. The fitting parameters of the inclination correction based on the effective surface brightness µe
J H Ks
Param. b/a 6 0.4 b/a > 0.4 b/a 6 0.4 b/a > 0.4 b/a 6 0.4 b/a > 0.4
c0 −0.0044 −0.0004 −0.0061 −0.0056 −0.0100 −0.0537
c1 0.1889 0.2756 0.1754 0.1433 0.1641 0.0220
d0 9.4482 3.2485 101.65 0.1574 8.5084 1.9440
d1 −0.1012 −0.0394 −0.2394 0.1241 −0.1186 −0.0144
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Figure 5. NGC1515 galaxy major axis correction due to the foreground
extinction f(a) in the top panel, the minor axis correction due to the fore-
ground extinction f(b) in the middle panel, and the axial ratio correction
due to the foreground extinction f(b)/f(a) in the bottom panel. The dashed
lines in all panels show the fit to the data.
2.2.4 Applying the correction model
To test whether our model reproduces the intrinsic axial ratio from
the absorbed value, we compare the corrected values with the in-
trinsic values (see Fig. 6). We applied the correction based on µe
(Eq. 6 and Table 3). Figure 6 presents the axial ratio distribution of
simulated galaxies at different dust extinction level after applying
0.0 0.2 0.4 0.6 0.8 1.0
Corrected axial ratio (b/a)J
0
50
100
150
200
N
o.
TF sample relative loss
17% 19% 20%
AJ = 0.0 mag
AJ = 1.0 mag
AJ = 2.0 mag
AJ = 3.0 mag
Figure 6. The axial ratio distribution of simulated galaxies at different lev-
els of dust extinction after inclination correction. At dust extinction AJ of
1, 2,and 3 mag, the TF sample relative loss is 15%, 19%, and 20% respec-
tively. It may be compared with the uncorrected results in Fig. 3
the correction model. At dust extinction AJ of 1, 2, and 3 mag, the
TF sample relative loss, after the correction, is 15%, 19%, and 20%
respectively.
The effect of the correction model on the shape of the galaxy
is hardly noteable in regions of low extinctions. At extinction level
of AJ ≃ 1, we can recover only 4% of the TF sample relative loss
(see, Figs. 3 & 6). In regions of higher extinction the improvement
in parameters, particularly for the large galaxies seems to be sig-
nificant. We can recover up to 18% and 59% at extinction level of
AJ ≃ 2, and AJ ≃ 3 mag respectively. In conclusion, applying
the correction model is not crucial at high latitudes, nevertheless,
it is essential when working in the ZoA where the effect of dust
extinction can be sever on the selection of the TF sample.
3 NIR ISOPHOTAL TF RELATION
In this section we reiterate the advantages of NIR isophotal mag-
nitude when applying the TF relations. The isophotal magnitude,
specifically the 20 mag arcsec−2 fiducial measurement, is the pri-
mary brightness metric for 2MASX (Jarrett et al. 2003). It is uni-
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formly measured across the sky for all galaxies. Total magnitudes
are also measured, however they are known to be less reliable and
prone to systematic underestimates, notably for low surface bright-
ness galaxies and for confused environments (ZoA). Because of
this, many authors prefer using 2MASX isophotal magnitudes in-
stead of total magnitudes to avoid the large uncertainties in the re-
quired aperture correction (Bouché & Schneider 2000; Macri 2001;
Karachentsev et al. 2002). For example, Macri (2001) used both
total and isophotal magnitude to derive TF relations. The slope
of his isophotal magnitude relations in H , and Ks is shallower
than the total magnitude relation. He tested these isophotal rela-
tions against the I-band total magnitude and concludes that both
isophotal H and Ks relations and I band total relation provide
distance estimates with similar precision. Another TF study by
Bouché & Schneider (2000) tests a variety of magnitudes provided
by 2MASX and found that the scatter was lowest for the isopho-
tal Ks magnitude. These studies agree with our findings in Section
2 that there are clear advantages of working with isophotal mag-
nitudes over total magnitudes and that using isophotal TF relation
in and out of the ZoA does not introduce any potential bias in the
derived distance and peculiar velocity.
3.1 The TF sample
Two observational parameters describe the TF relation. The
distance-independent rotation width is obtained from spectral
data, and the imaging data provide all photometric quantities of
interest. Different authors prefer different quantities, such as, the
20% line-width versus the 50% line-width, and isophotal versus
total magnitudes. A variety of methods have been used over
the years to derive w50 (Koribalski et al. 2004; Springob et al.
2005; Hong et al. 2013). These different algorithms can have a
serious effect on the accuracy of the value of w50 if the S/N of the
spectra are low. Consequently, TF samples only include galaxies
with high S/N spectra, so that the noise will not affect the width
measurement and the difference between different algorithms
becomes negligible.
The calibration sample of galaxies is the same as that used
in Masters et al. (2008)3. Their rotation-widths were obtained from
either the Cornell HI digital archive (Springob et al. 2005) or op-
tical rotation curves (Catinella et al. 2005). The photometric quan-
tities of the calibration sample are a mix of J , H , and Ks-bands
quantities from 2MASX and I-band quantities from Masters et al.
(2006). We cross-matched the Masters et al. (2008) calibration
sample with the 2MASX catalog and extracted the “isophotal”
magnitudes for all of them.
3.1.1 Rotation widths
The rotation widths are drawn completely from the Masters et al.
(2008) calibration sample which is available online4, see
Springob et al. 2005 for details.
3 We thank Karen Masters for making that available to use
4 http://www.icg.port.ac.uk/∼mastersk/TFdata.html
3.1.2 Photometry
All photometric quantities are derived from the 2MASX catalog.
Their properties are described online in Cutri et al. (2006)5. The
photometric quantities of the TF calibration are:
1. Isophotal magnitude: We use the J , H , and Ks-bands fidu-
cial isophotal magnitudes measured at 20.0 mag arcsec−2 in Ks
band, which is roughly equal to the 1 σ background noise level
(Jarrett et al. 2003).
2. J-band axial ratio: The J-band axial ratio (a/b)J fit to the 3
σ isophote is used (the isophote corresponds to a surface brightness
∼ 3 times the background noise).
3. Central surface brightness µc: The central surface bright-
ness µc in the J , H , and Ks-bands obtained from the 2MASS
XSC. This parameter is necessary for the derivation of the Galactic
extinction corrections (Section 4.1.3).
4. The colour reddening E(B − V ): Galactic extinction
AJ , AH , and AKs are approximated by the colour reddening
E(B − V ) from the DIRBE dust map (Schlegel et al. 1998).
Dust extinction of the calibration sample are very low and the
difference between Schlegel et al. (1998) values and its updated
values from Schlafly & Finkbeiner (2011) have no effect on our
calibration. However for high extinction regions we use the
Schlafly & Finkbeiner (2011) values of 0.87 times Schlegel et al.
(1998) values which is in excellent agreement with the indepen-
dent derived correction in the ZoA by Schröder et al. (2007) and
more recently by Williams et al. (2014).
3.2 Photometric corrections
To construct a global TF relation, the photometric quantities from
the 2MASX must be corrected for the cosmological redshift, in-
ternal extinction, and Galactic extinction. The corrected absolute
magnitude, derived from the observed apparent magnitude is cal-
culated as follows6:
Mcorr−5 log h = mobs−AX−IX−kX−5 log vCMB−15, (9)
where AX , IX , and kX are a correction for foreground extinction
due to the dust in the Milky Way, a correction for extinction in-
ternal to the galaxy itself, and a cosmological k-correction respec-
tively. Because these three corrections are wavelength-dependent,
the index X refers to the wavelength band. For the k-correction
we used the same procedure used by Masters et al. (2008). In the
next two subsections we describe the methods used to correct for
internal and Galactic extinction as we deviate slightly from the
Masters et al. (2008) procedure.
3.2.1 Internal extinction
Dust extinction internal to galaxies themselves is a challenging
quantity to estimate. Since the early work of Holmberg (1958)
it has been widely assumed that spiral galaxies are mostly trans-
parent. Later studies suggest that spiral galaxies are optically
thick (Valentijn 1990). Again, this study received some criticism
(e.g. Burstein et al. 1991). The best study to date (Holwerda et al.
2009), uses occulting galaxy pairs to show that dust distributions
5 http://www.ipac.caltech.edu/2mass/releases/allsky/doc/
6 The sign error in the application of the internal extinction and k-
corrections to magnitudes used in Masters et al. (2008) and corrected in
Masters et al. (2014) has been accounted for.
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Figure 7. NIR colour, J20−Ks20 and H20−Ks20, dependence on incli-
nation of the calibration sample (888 galaxies) binned in inclination groups.
The slopes of Eq. 10 are 0.21 for J20 −Ks20 and 0.08 for H20 −Ks20.
We assume that the Ks-band isophotal magnitude is internal extinction free
(i.e., γKs = 0)
vary, creating both optically thin and thick regions.
This problem has been investigated by several authors from
different aspects. Most correction models for the internal extinc-
tion have been constructed as a function of inclination. In the TF
relation, inclined galaxies are preferentially used, but the magni-
tudes of inclined galaxies are more affected by dust. In our analysis
we adopt the empirical relation of internal extinction described in
Giovanelli et al. (1994); Tully et al. (1998); Masters et al. (2003),
which is dependent on axial ratio and waveband, as follows:
Iλ = γ log(a/b). (10)
The J-band axial ratio (b/a)J is the best tracer of the inclination,
as it suffers less than the H , and Ks -bands from the effect of the
bulge population. The axial ratio needs to be corrected for seeing,
which is parameterized as
(a/b)corr = (a/b)obs(1− 0.02x + 0.21x
2 − 0.01x3), (11)
where x = FWHM( a/b
r20
), and FWHM = 2.′′5 (the full-width half-
maximum of the seeing disc). Masters et al. (2003) provide dif-
ferent values of γ in J , H , and Ks-bands from different statis-
tical tests based on total magnitudes. We deviate slightly in our
approach because applying correction for total magnitudes will re-
sults in an over-correction in isophotal magnitudes. To investigate
the internal extinction in J , and H bands, we use the calibration
sample, 888 galaxies, to test the colour gradients (measured at 20.0
mag arcsec−2 in Ks band) with inclination. We assume that the
internal extinction in the Ks-band isophotal magnitude is negli-
gible (i.e., γKs = 0); the effect of internal extinction is indeed
very small in Ks band even in total magnitudes (Tully et al. 1998;
Masters et al. 2003). Figure 7 shows how NIR colours, J20−Ks20
and H20 −Ks20, change with inclination.
In this Fig. we used the calibration sample, 888 galaxies,
binned in inclination groups. The slopes of Eq. 10 are:
γJ20−Ks20 = γJ20 − γKs20
= γJ20
= 0.21 ± 0.03, (12a)
γH20−Ks20 = γH20 − γKs20
= γH20
= 0.08 ± 0.02. (12b)
These values of γ mean that the effect of internal extinction
is very small in the isophotal magnitudes compared to total magni-
tudes because most of the dust are in the disk.
3.2.2 Galactic foreground extinction
Galaxies appear smaller and fainter due to the dust extinction in
the Milky Way. Therefore a correction to the isophotal magni-
tude is needed to account for the loss of light due to this dim-
ming. Riad, Kraan-Korteweg & Woudt (2010) present two methods
to apply the isophotal correction: (i) the average correction method
which is a very direct application, and (ii) the more optimized cor-
rection method which is more accurate than the average correction
but requires a fit to the light profile of the galaxy to determine ei-
ther the disc central surface brightness, µ0, or the combined disc
plus bulge central surface brightness, µc. The optimized correction
was used here, because the central surface brightness is available in
the 2MASX.
3.3 Bias corrections
Many TF samples, including the one we use here, contain a broad
range of spiral types. A single relation may not be appropriate for
all spiral types as expressed already by Tully & Fisher themselves.
Masters et al. (2008) found type dependences with their sample,
and our analysis of this effect based on the “isophotal” magnitude
yields similar trends. The earlier types have a shallower slope than
later types. We correct to an Sc type (less bulge, more disk compo-
nent) relation. In the J-band we use
∆MSa = 0.27− 2.46(logW − 2.5), (13a)
∆MSb = 0.15− 1.14(logW − 2.5). (13b)
In the H-band we use
∆MSa = 0.22− 2.81(logW − 2.5), (14a)
∆MSb = 0.15− 1.16(logW − 2.5). (14b)
In the Ks-band we use
∆MSa = 0.11− 3.51(logW − 2.5), (15a)
∆MSb = 0.13− 1.44(logW − 2.5). (15b)
These values are derived using the isophotal photometry for each
sample before any bias corrections.
Due to the broad range in surface brightness and colour of
the galaxy sample, further bias corrections including Incomplete-
ness bias, Cluster size bias and Cluster peculiar velocity have to
be applied. We used the values derived by Masters et al. (2008) to
correct for these biases. Any difference in the correction would be
incredibly small and much lower than any of the other corrections.
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3.4 Calibration and scatter
Different fitting procedures have been used to derive the final pa-
rameters of the TF relation. The inverse TF was suggested by
Kraan-Korteweg et al. (1986) to overcome the Malmquist bias.
Giovanelli et al. (1997) used the minimization of χ2 method to de-
termine the direct, inverse, and bivariate forms of the linear TF re-
lation. In Pizagno et al. (2007), the maximum likelihood method
was used to estimate the slope a, intercept b, and intrinsic scatter
ǫint of the TF relation. Here we are interested in the bivariate fit
case, where errors in both x and y are taken into consideration. We
therefore use the linear form:
y(x) = abi + bbix, (16)
via minimization of χ2
χ2 =
N∑
i=1
[
yi − y(xi; abi, bbi)
ǫi
]2. (17)
The error used in the computation is defined as ǫi = [(ǫx,ibbi)2 +
ǫ2y,i+ ǫ
2
int+ covxy ]
1/2
, where covxy represents the covariance be-
tween the errors in x and y which is not significant in our case.
After applying all of the above detailed bias corrections, and apply-
ing the bivariate fitting mechanism to the Masters et al. (2008) 888
calibrator galaxies, our final isophotal TF relations have the form:
MJ − 5 log h = −20.951 − 9.261(logW − 2.5), (18a)
MH − 5 log h = −21.682 − 9.288(logW − 2.5), (18b)
MKs − 5 log h = −21.861 − 10.369(logW − 2.5). (18c)
Table 4 presents the fitted parameters derived from both
isophotal magnitude (this work) and total magnitude from
Masters et al. (2014). Figure 8 shows the final isophotal TF rela-
tions for the J , H , and Ks-band from top to bottom.
The slope for the isophotal TF relations in J and H bands are
shallower than the total TF but similar in the Ks band. This can be
explained by Fig. 9, which shows the difference between isophotal
and total TF relation as a function of line-width and inclination.
Each dot in Fig. 9 presents a galaxy from the TF calibration
sample colour-coded by its inclination. The Ks band has the tight-
est scatter in Fig. 9. This is not a surprising result given that the
aperture correction in the Ks band is lowest compared to the J
and H bands (see also Fig. 7 in Jarrett et al. 2003). The deviation
increases toward small and less inclined galaxies whose surface
brightness profiles are not well determined. This further supports
the preference of using isophotal magnitudes as the total magni-
tude for those galaxies become unreliable.
Figure 8 also reveals an increasing scatter in the TF rela-
tion with decreasing rotation width. Using the relation used in
Giovanelli et al. (1997) to parameterize the scatter
σ = a+ b(logW − 2.5), (19)
the total scatter is calculated, and displayed in Fig. 10 for the J ,
H , and Ks-bands as a function of the line-width.
The error on the isophotal magnitude (least source of error),
as well as the error on the rotation width multiplied by the slope of
the TF relation (expressed in magnitudes) are also displayed in Fig.
10. A linear fit to the intrinsic scatter gives
ǫint,J = 0.46 − 0.90(logW − 2.5), (20a)
ǫint,H = 0.47 − 0.94(logW − 2.5), (20b)
ǫint,Ks = 0.46 − 0.83(logW − 2.5). (20c)
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Figure 8. Isophotal TF relation for the (a) J-band, (b) H-band, and (c)
Ks-band. The solid line shows the respective bivariate fit to the data.
The intrinsic scatter, in magnitude units, is a crucial parame-
ter to understand the errors on both distances and peculiar veloci-
ties derived from the TF relation. The intrinsic scatter in both the
“isophotal” and “total” methods are nearly identical, because the
calibration sample of galaxies is hardly affected by foreground dust
of the Milky Way.
Comparing equations 20 with Masters et al. (2008) results
shows that the intrinsic scatter is smaller in the total magnitude
relation for the larger galaxies (logW > 2.5), while for smaller
galaxies (logW < 2.5) the “isophotal” magnitude relation shows
less scatter.
4 CONCLUSIONS
We study the effect of foreground dust and source confusion on
galaxy photometry in the context of employing the TF method in
the Zone of Avoidance. Two different methods using independent
samples of galaxies were used to quantify this effect. Both meth-
ods confirm and quantify that galaxies appear rounder with increas-
ing obscuration level leading to a substantial loss of galaxies in
inclination-constrained TF samples deep in the ZoA. Correction
models are proposed based on 54 spiral galaxies from the 2MASS
LGA with different morphological types and intrinsic axial ratios.
These correction models have been tested and show its applicabil-
ity to reproduce the intrinsic axial ratio from the observed value for
large galaxies up to extinction level of about AJ ≃ 3 mag, and re-
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Table 4. Parameters of bivariate fit after all corrections derived from both isophotal (this work) and total magnitude
(Masters et al. 2014).
Band This work Masters et al. (2014)
aiso biso ǫa ǫb atot btot ǫa ǫb
J-band −20.951 −9.261 0.018 0.114 −21.370 −10.61 0.018 0.12
H-band −21.682 −9.288 0.018 0.115 −21.951 −10.65 0.017 0.11
Ks-band −21.861 −10.369 0.018 0.120 −22.188 −10.74 0.015 0.10
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Figure 9. Total versus isophotal magnitude for the template galaxies as a
function of line-width. Galaxies are color coded by its inclination.
cover a fair fraction of galaxies that otherwise would fall out of an
uncorrected inclination limited galaxy sample.
We present the recalibration of the Tully-Fisher relation for
isophotal magnitudes in the NIR J , H , and Ks-bands. This cali-
bration sample of 888 galaxies is the same as the one used for the
2MTF project for total magnitudes. No significant change in the
isophotal TF relation scatter was found in comparison to the scatter
in the total TF relation because the calibration sample is minimally
affected by the dust of the Milky Way. However, this does not hold
for low surface brightness galaxies or galaxies obscured by dust
where isophotal magnitudes are more robust.
The isophotal NIR TF relation has been applied in a pi-
lot project by Said et al. (2014) to a preliminary sample of HI
detected galaxies in the ZoA which had deep NIR photometry
(Williams et al. 2014) and found to be quite promising. Consider-
able improvement of the scatter and the systematic offset of the de-
rived peculiar velocities in the ZoA is achieved when the isophotal
TF relation is applied in comparison to the traditional total magni-
tude method. The offsets of about 0.2 - 0.3 mag which may create
an artificial flow of about 200 - 600 km s−1 in the velocity range of
2000 - 6000 km s−1, have been reduced to about 0.02 - 0.03 mag
in J , H , and Ks bands. Combining our data with that from 2MTF
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Figure 10. Scatter in the (a)J-band, (b)H-band, and (c)Ks-band. The cir-
cles present the total scatter averaged within bins in velocity width. The
linear fit to the total scatter is shown as a solid line and the dashed line
shows the linear fit to the intrinsic scatter. The dotted lines present the error
on the isophotal magnitude and the error on the rotation width multiplied
by the slope
will provide more complete all-sky peculiar velocity survey. Using
the isophotal TF relation and accounting for the effect of extinction
on inclination will lead to an improved TF analyses at lower lati-
tudes. It will allow the extension of cosmic flow derivations deeper
into the ZoA compared to current surveys and, moreover, improve
on the results for galaxies with |b| 6 5◦ that are already affected
by dust, or any other regions of high extinction in the sky.
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